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Abstract 

Toxic peptides containing D-amino acids are reported from the larvae of sawfly species. The compounds are suspected to 
constitute environmental contaminants, as they have killed livestock grazing in areas with congregations of such larvae, and 
related larval extracts are deleterious to ants. Previously, two octapeptides (both called lophyrotomin) and three 
heptapeptides (pergidin, 4-valinepergidin and dephosphorylated pergidin) were identified from three species in the family 
Pergidae and one in Argidae. Here, the hypothesis of widespread occurrence of these peptides among sawflies was tested 
by LC-MS analyses of single larvae from eight pergid and 28 argid species, plus nine outgroup species. At least two of the 
five peptides were detected in most sawfly species, whereas none in any outgroup taxon. Wherever peptides were 
detected, they were present in each examined specimen of the respective species. Some species show high peptide 
concentrations, reaching up to 0.6% fresh weight of 4-valinepergidin (1.75 mg/larva) in the pergid Pterygophorus nr turneri. 
All analyzed pergids in the subfamily Pterygophorinae contained pergidin and 4-valinepergidin, all argids in Arginae 
contained pergidin and one of the two lophyrotomins, whereas none of the peptides was detected in any Perginae pergid 
or Sterictiphorinae argid (except in Schizocerella pilicornis, which contained pergidin). Three of the four sawfly species that 
were previously known to contain toxins were reanalyzed here, resulting in several, often strong, quantitative and 
qualitative differences in the chemical profiles. The most probable ecological role of the peptides is defense against natural 
enemies; the poisoning of livestock is an epiphenomenon. 

Citation: Boeve J-L, Rozenberg R, Shinohara A, Schmidt S (2014) Toxic Peptides Occur Frequently in Pergid and Argid Sawfly Larvae. PLoS ONE 9(8): e105301. 
doi:1 0.1 371/journal.pone.01 05301 

Editor: Vladimir N. Uversky, University of South Florida College of Medicine, United States of America 
Received May 20, 2014; Accepted July 23, 2014; Published August 14, 2014 

Copyright: © 2014 Boeve et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited. 

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are within the paper and its 
Supporting Information files. 

Funding: The authors have no support or funding to report. 

Competing Interests: The authors have declared that no competing interests exist. 
* Email: Jean-Luc.Boeve@naturalsciences.be 



Introduction 

Toxic peptides are parts of the tremendous wealth of bioactive 
metabolites in microbes, plants and animals. They are known from 
bacteria, soil fungi, mushrooms, (some) plants, sea anemones, cone 
snails, scorpions, spiders, bees, wasps, frogs, and snakes [1-6]. 
Some of these toxic peptides are quite unique in containing D- 
amino acids [2] , although both toxic and non-toxic D-amino acids 
and D-amino acid proteins have been detected in prokaryotes and 
most eukaryotes, except plants [7,8]. Another rare feature of 
peptides from natural sources is their inclusion of phosphoserine, 
an example being the pentapeptide alphostatin isolated from a 
strain of the bacterium Bacillus megaterium [9] . Only one source 
in nature is known in which the peptides combine a high 
proportion of D to L amino acids with the presence of 
phosphoserine; these peptides were discovered in sawflies (Insecta, 
Hymenoptera). 

Since the mid-20 111 century there have been uncommon but 
repeated reports of livestock dying after ingesting certain insects. 
Hundreds of cattie, sheep, goats, and pigs have been found dead, 
with significant economic consequences to the farmers [10—12], 
first in eastern Australia [13,14], then in Denmark [15], and South 
America [12,16,17]. The mammals perished after grazing in areas 



showing congregations or outright outbreaks of larvae belonging to 
one of two sawfly families, Pergidae or Argidae. Autopsies of 
carcasses revealed liver necroses and stomachs filled with the 
larvae. On occasions in Australia and Uruguay a kind of addictive 
behavior was observed, with cattle fighting each other for the 
opportunity to ingest more larvae once they had tasted them for 
the first time [14]. This behavior, while impossible to interpret 
physiologically at this time, appears to explain why mass quantities 
of insects were ingested. 

On another level, the toxic peptides can affect biological control 
programs. The Australian sawfly species Lophyrotoma zonalis 
(Pergidae) is a potential control agent of the paperbark tree, 
Melaleuca quinquenervia (Myrtaceae), an invasive plant in 
Florida, but the sawfly has not been introduced there as the risks 
of environmental contamination by the toxins were considered as 
too high [18-21]. Similarly, the pergid Heteroperreyia hubrichi 
was initially selected as a candidate for biological control of the 
Brazilian peppertree, Schinus terebinthifolius (Anacardiaceae), an 
invader to Florida, California and Hawaii. However, the 
introduction of that sawfly has been delayed, again because of 
its potential for poisoning native wildlife and domesticated animals 
that may consume the insect larvae [22]. 
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The ecological implications of the toxins at the two levels, of 
killing livestock and potentially contaminating the environment, 
prompted us to investigate the occurrence of the toxins across a 
broader range of sawfly species. The first identified oligopeptide 
was discovered in the pergid Lophyrotoma interrupta, thus called 
lophyrotomin (LGln); it is an octapeptide with four D-amino acids 
[23-25]. Subsequently, a closely related octapeptide (LGlu) and 
three heptapeptides were discovered in other sawfly species 
([26,27]; Table 1): pergidin (Perg), 4-valinepergidin (VPerg), and 
dephosphorylated pergidin (dpPerg). The heptapeptides contain 
five D-amino acids, and Perg and VPerg also contain phospho- 
serine. The compounds are highly toxic to vertebrates, as 
demonstrated by the following examples of lethal dose (LD) 
values: LD50 ~2 mg LGln/kg mice (intra-peritoneal injection); 
LD50 —10 mg Perg/kg mice (intra-peritoneal injection); LD = 6 g 
fresh weight (FW) L. interrupta larvae/kg sheep (oral dosing); 
medium LD = 3-9 g dry weight (DW) L. interrupta larvae/kg 
chicken (oral dosing); and lethal single doses of 10-40 g FW 
Perreyia flavipes larvae/kg sheep within 68-14 hrs 
[11,12,23,24,28-30]. 

Previously, the peptides had been detected and quantified in 
only four sawfly species: L. interrupta, L. zonalis, P. flavipes 
(Pergidae), and Arge pullata (Argidae) [24,26,27,31]. Each of these 
species can occur in masses in the field, which facilitated the 
detection of the toxins. However, we started our study from the 
hypothesis that the toxins would be found also in related but non- 
pullulating sawfly species. Experiments with extracts from larvae of 
Arge pagana, a species common on roses in Europe, and from A. 
pullata, that were tested on ants (Myrmica rubra L., Formicidae) 
had caused the latter to show paralyzing effects [32]. These 
bioassay results indicated that A. pagana contains the toxic 
peptides just like A. pullata. 

In the past, large batches of probably thousands of larvae were 
required to isolate, identify, and quantify the peptides, by using 
oven or freeze dried larvae. For the current study, we designed an 
extraction procedure using single larvae, and performed liquid 
chromatography— mass spectrometry (LC-MS) analyses. This 
allowed us for the first time, to include relatively rare target 
species and to estimate inter-individual variation in peptide 
profiles. The screening of numerous Pergidae and Argidae species 
reveals that most of them contain the peptides. 



Materials and Methods 

Taxon Sampling 

Sawfly specimens were collected in the field, mainly in 
Australia, Europe and Japan, the taxon sampling comprising 
eight Pergidae and 28 Argidae species (Appendix SI). No specific 
permissions were required for collecting the insects, and no 
endangered or protected species were involved in these collections. 
Voucher specimens are deposited at the Royal Belgian Institute of 
Natural Sciences. As the specimens used in the chemical analyses 
had to be destroyed completely in the process, one or more 
specimens from the same population, if not from the same egg- 
batch, constitute the respective morphological voucher. 

Extraction of Larvae 

For each of six pergid and two argid species, 6-8 specimens of 
full-grown or almost full-grown larvae were placed individually in 
a 1.5 ml microtube, weighed and then euthanized (see Fig. 1), 
either by adding 0.5-1.0 ml ethanol or by drying in an oven at 
80°C for 20 hrs. Dried specimens were weighed again after the 
drying procedure. For all other species, 1-8 specimens per species 
were killed in ethanol (see Fig. 2). Generally these larvae were not 
weighed, but the approximate fresh weight (FW) was estimated 
from the body size (for the extraction and dilution procedure; see 
below). All specimens were stored at -30°C until extraction. 

After numerous trials with various extraction procedures 
coupled with chemical analyses, the following protocol proved to 
give efficient, reproducible results on the content of toxic peptides 
in a single larva. The ethanolic extract (of non-dried specimens) 
was transferred to a 12 ml tube. The larva was thoroughly crushed 
in 1 ml of an equal volume ethanol-water solution (which also 
served for extractions from oven dried specimens). Then, the 
specimen was vortexed, and sonicated for 15 min at 50±5°C, 
followed by 5 min centrifugation at 8,000 rpm (Denver Instru- 
ments Microcentrifuge Force 7). The supernatant (extract n°l) was 
added to the tube, while 1 ml of 50% ethanol was added to the 
pellet remaining in the microtube. This sample was again 
vortexed, sonicated for 5 min, and centrifuged under the 
conditions stated above, which led to an extract n°2. Two to five 
extractions (with 5 min sonication) were performed, and the 
supernatants accumulated in the tube. The number of extractions 
depended on the FW of each larva, as follows: 2 (for determined or 
estimated larval weights <75 mg), 3 (76 to 150 mg), 4 (151 to 
300 mg), or 5 (>300 mg). Ethanol (50%) was then added to these 
pooled extracts to obtain 3, 4, 5, and 6 ml of solution, respectively. 
The pooled extracts were stored at -80°C until dilution. Pilot trials 



Table 1. Molecular weights and structural composition of the five toxic peptides known from larvae of Pergidae and Argidae. 





Peptide name; abbreviation* 


MW 


Structure 


Pergidin; Perg 


864 


(L)pGlu-(D)Ala-(D)Val-(L)Leu-(D)Val-(D)Ser(P0 3 H 2 )-(D)Trp(OH) 


4-Valinepergidin; 
VPerg 


850 


(L)pGlu-(D)Ala-(D)Val-(L)Val-(D)Val-(D)Ser(P0 3 H 2 )-(D)Trp(OH) 


Dephosphorylated 
pergidin; dpPerg 


784 


(L)pGlu-(D)Ala-(D)Val-(L)Leu-(D)Val-(D)Ser-(D)Trp(OH) 


Lophyrotomin; 
LGln 


1039 


C 6 H 5 CO-(D)Ala-(D)Phe-(L)Val-(L)lle-(D)Asp-(L)Asp-(D)Glu-(L)Gln 


'Lophyrotomin'; 
LGlu 


1040 


C 6 H 5 CO-(D)Ala-(D)Phe-(L)Val-(L)lle-(D)Asp-(L)Asp-(D)Glu-(L)Glu(OH) 



Abbreviation used in the present study. 

Molecular weights and structures of Perg, VPerg and dpPerg after MacLeod et al. [26], of LGln and LGlu after Oelrichs et al. [27]. 
doi:1 0.1 371 /journal.pone.01 05301 .t001 
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Figure 1. Concentration of the major peptides detected in six species of Pergidae and two species of Argidae. Peptide names 
abbreviated as in Table 1. Values expressed as means ± SD. Numbers of analyzed specimens given in square brackets. Prior to extraction and 
analysis, specimens were either kept in ethanol, or oven dried (o.d.). 
doi:1 0.1 371 /journal.pone.01 05301 .g001 
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Figure 2. Absolute quantities of four peptides detected in 28 species of Argidae. Peptide names abbreviated as in Table 1. Values 
expressed as means ± SD. Numbers of analyzed specimens given in square brackets. Data for Arge nigripes and Arge pagana are those from Fig. 1. 
doi:1 0.1 371 /journal.pone.01 05301 .g002 
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showed that the extracts were generally too concentrated to allow 
peptide quantification by mass spectrometry. Using the aforemen- 
tioned larval weight categories, three aliquots each of the pooled 
extracts were diluted to 1:20, 1:30, 1:40, or 1:50, respectively, 
prior to chemical analysis. 

LC-MS Analyses 

We used an LC system from Thermo Separation Products 
(TSP, San Jose, California) that is equipped with a P1000XR 
pump and a TSP AS 3000 autosampler. Separation of peptides 
was performed on a C18 Ultrasep ES column (150x2.0 mm i.d., 
7 |im; Sepserv GmbH, Berlin, Germany) using a linear gradient 
from 90% H z O (with 1% CH 3 CN and 0.1% HCOOH)/10% 
CH 3 CN to 10% H 2 0 in 23 min. The flow rate was 0.2 ml min" 1 ; 
the column was maintained at 30°C and the autosampler at 10°C. 
Mass spectra were acquired with a Quantum mass spectrometer 
(Finnigan MAT, San Jose, GA, USA) equipped with an 
electrospray ionization (ESI) source in the positive mode. ESI 
inlet conditions were: capillary heated at 380°C, sheath gas at 47 
PSI, and auxiliary gas at 20 PSI. Collision induced dissociation 
was recorded at a relative collision energy of 30%. 

Peptide Quantification, Analytical Quality Controls, and 
Stability of the Peptides 

The five peptides known from the literature to occur in larvae of 
Pergidae and Argidae (Table 1) were synthesized by, and 
purchased from, Biosyntan GmbH (Berlin, Germany) at >95% 
purity. They were analyzed by full MS 2 on the [M+H] + ions 
(Appendix S2). To differentiate between ions C of LGln (m/ 
z= 1040) and C 12 of LGlu (m/z= 1040), the latter peptide was 
analyzed using the single ion monitoring mode for the ion 
fragment m/z = 866, which caused no interference between the two 
ions. 

Calibration curves for the five standard (i.e. synthesized) 
peptides were constructed over five concentrations in the range 
of 1-2000 ng/ml, and proved to be linear, with r values >0.99. 
The limit of detection for the peptides analyzed by LC-MS was in 
the 0. 1 ng range, their limit of quantification being in the 1 ng/ ml 
range. 

The peptide concentrations in the samples were determined by 
comparing their ratios of peak areas to calibration curves. These 
concentrations (in ng/ml) were multiplied by one of the factors 60, 
120, 200 or 300, depending on the two dilutions operated (e.g., 
3 ml of pooled extract diluted to 1:20 leads to factor 60). The final 
concentrations (in Ng/ individual) were averaged over the three 
replicates (aliquots). For eight species where the precise FW of a 
larva was known (see Fig. 1), peptide concentration was expressed 
in % FW. 

The recovery of the five peptides was determined using larvae of 
Rhadinoceraea micans and Nematus miliaris (Tenthredinidae), two 
species that had shown no detectable amounts of the peptides in 
previous LC-MS analyses. Specimens were extracted by the same 
procedure as all other specimens, except that after removal of 
ethanol 100% they were crushed not in ethanol 50% but in 
ethanol 50% plus 200 or 1000 ng/ml of the standards. Since these 
recovery experiments were carried out with larvae having a FW in 
the 76-150 mg range, the purpose was to obtain 24 and 120 ug/ 
individual, respectively. The recoveries averaged over the five 
peptides actually yielded 24.5 and 125.4 ug/individual, with a 
coefficient of variation of 14% and 11%, respectively. 

Stability of the peptides was monitored for 4.5 months in eight 
larvae of L. zonalis, using one of the three replicates available (and 
kept in ethanol 50%). They were stored at -30°C between the 



successive LC-MS analyses, which were performed at least once 
per month. 

Results 

Toxic peptides occurred in each of the 6-8 individual larvae 
(with determined weight) from each of the six pergid and two argid 
species, at least by the constant presence of Perg (Fig. 1, Appendix 
S3). This was the major peptide in L. analis, whereas VPerg was 
the major one in the other pergid species. In contrast, LGln and 
especially Perg were major compounds in the Argidae. Our results 
invariably show that at least one peptide was present in each 
specimen of all these species. However, peptide quantities can vary 
among populations of the same species. Larvae from two 
populations of L. interrupta contained similar amounts of VPerg 
but various amounts of Perg, whereas two populations of A. 
pagana showed similar amounts of both Perg and LGln. The total 
amount of peptides ranged from ca. 0.4% to 0.8% FW in the 
Pergidae (Fig. 1). In Lophyrotoma spp. and Pterygophorus spp. 
only small amounts of dpPerg (<0.005% FW) were detected, and 
in some of the individuals only; LGlu was detected in only one of 
the two populations of L. zonalis, at 0.002% FW (Appendixes SI 
and S3). 

Perg and LGln were always detected in Arge (20 screened 
species) and Spinarge (4), and both peptides were detected in 
Cibdela janthina, whereas only Perg was present in Schizocerella 
pilicornis (Fig. 2). Among the Argidae, C. janthina reached the 
highest concentrations, with over 500 ug Perg and ca. 250 ug 
LGln per individual. The peptides VPerg and dpPerg occurred 
sporadically among argid species, and at relatively low mean 
concentrations never exceeding 60 and 7 ug/ individual, respec- 
tively (Appendix S3). 

No peptides were detected in any individuals of Perga affinis, 
Pergagrapta polita, Aproceros leucopoda, Sterictiphora geminata, 
nor in any of the outgroup taxa, which included sawfly and non- 
sawfly species (see Appendixes SI and S3). 

Body size is generally larger in the studied Pergidae than in the 
Argidae, but these differences were only partially reflected in the 
Perg contents (Fig. 3). Body weight correlated with the absolute 
quantity of Perg regardless of the taxa (shown in Fig. 1), except for 
the two Pterygophorus species that showed a proportionally low 
Perg concentration (Fig. 3). Concerning the methods of killing and 
storing the insects, i.e. in ethanol versus by drying, no significant 
differences between peptide profiles were noticed (Fig. 1), and a 
roughly constant DW/FW ratio of 20-25% was obtained for 
larvae of different species (value of FW and DW in mg as mean ± 
SD): L. zonalis (220 ±45 and 56 ±14; n = 8), Pterygophorus 
insignis (262 ±54 and 51 ±8; n=7), Pterygophorus nr turneri 
(300±49 and 59±9; n = 8), A. pagana (56±7 and 12±1; n = 8). 

Measuring peptide stability over time revealed that concentra- 
tions of Perg, VPerg and LGln remained stable for at least one 
month (Fig. 4). Stability could not be assessed for dpPerg and 
LGlu, as these were present from the beginning at relatively low 
concentrations, which impeded accurate quantification. 

Discussion 

In many living organisms, including sawflies, taxonomic 
affiliation across species is reflected in congruent chemically-based 
defensive strategies (e.g. [33]). The fact that previously only four 
species from two sawfly families were known to contain toxic 
peptides, was not representative of their actual occurrence in 
nature but a strong underestimation of the actual number of 
species containing such peptides. Our study has discovered the 
presence of toxic peptides in most of the analyzed species of 
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Figure 3. Fresh body weight and detected quantity of pergidin in individual larvae of species of Pergidae and Argidae. Species data 
from Fig. 1 combined at genus level, where applicable, i.e. Arge nigripes + Arge pagana; Lophyrotoma analis + Lophyrotoma interrupta + Lophyrotoma 
zonalis; Philomastix macclaei; Pterygophorus insignis + Pterygophorus nr turneri. 
doi:1 0.1 371 /journal.pone.01 05301 .g003 



Pergidae and Argidae (Figs 1 and 2), two families that are closely 
related [34—36]. Since the peptides were not detected in any 
outgroup species, it is likely that their occurrence is restricted to 
the two sawfly families. 

The extraction procedure used here is the first that allows 
chemical analysis of single specimens, which offers several 
advantages over earlier methods described in the literature and 
which are all based on large amounts of oven-dried specimens. 
Our methodology appears as robust in that the presence or 
absence of at least one of the peptides was constant across all 
individuals of a given species. It is unlikely that a contamination of 
the LC-column has affected the results, since daily blanks were 
performed, and the samples analyzed in triplicate on different days 
gave, nevertheless, similar results. 

The chemical analyses revealed intraspecific variation in 
peptide concentrations, among individuals as well as populations. 
The two populations of L. interrupta (see Appendix SI) were 
sampled on host plants belonging to different genera; they showed 
similar concentrations of VPerg but different concentrations of 
Perg (Fig. 1). In Australia, L. zonalis has the potential to poison 
grazing livestock, although no such case has been reported [37]. It 
remains unclear to what extent geographical and/ or other factors 
may affect the chemical profiles. However, the two populations of 
A. pagana, sampled in different years and at different locations, 
had similar chemical profiles (Fig. 1), suggesting that there is no 
temporal and geographical influence on the chemistry of this 
species. More generally, the biosynthesis of the peptides remains 
unknown, not the host plant but endosymbionts being supposed to 
produce them [29]. 

Some of our results are strikingly different from those reported 
in the literature. Intriguingly, differences between the respective 



two data sources are quantitative but also qualitative. While our 
findings confirm that A. pullata contains LGln at ca. 50 (lg/larva 
(Fig. 2 versus data estimated from [31]), this species was previously 
not reported to contain Perg, which we detected unequivocally. 
Other published peptide quantities are expressed in % DW, as 
follows: 0.01-0.07% LGln in L. interrupta [24,28], 0.1% LGln in 
A. pullata [31], 0.16% LGln and 0.2% Perg in P. flavipes [29], 
and 0.36% LGlu and 0.43% of a Perg+VPerg mixture in L. 
zonalis [27]. Comparisons with our data are possible for the two 
Lophyrotoma species. In L. interrupta we detected VPerg and Perg 
but not LGln, which has been reported ever since the first 
publications on the chemistry of toxic peptides, and has been 
mentioned as the only peptide in that species [24,25,28]. For 
larvae of L. zonalis we obtained an FW/DW ratio of 4, so that our 
% FW values are equivalent to ca. 0.004% DW LGlu, 0.09% DW 
LGln, and 2.8% DW Perg+VPerg (see Appendix S3). Thus, there 
are quantitative and qualitative inconsistencies between peptide 
concentrations in our study and those in the literature. The 
differences in chemical profiles may have multiple causes and 
remain difficult to extricate. The methods of extracting and 
chemically analyzing the compounds may impact the results, and 
our LC-MS analyses generally seem to slightly overestimate the 
peptide amounts, as shown by the recovery experiments. In 
contrast, the ways of preparing specimens, by drying them in an 
oven or keeping them in ethanol, do not influence the chemical 
output (see Fig. 1), which corroborates a high thermostability of 
the peptides. The latter are chemically stable because they are 
water soluble but lipophilic, strongly acidic, and enzymatically 
non-degradable compounds [27]. Some differences between 
published chemical profiles and our results might also be due to 
misidentifications. Apart from specific taxonomic problems with 
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Figure 4. Diluted extracts from Lophyrotoma zonalis repeatedly analyzed to track peptide quantity over storage time. Peptide names 
abbreviated as in Table 1 . Values (means ± SD) refer to eight extracts stored at -20 C in between the chemical analyses. Peptides shown are pergidin 
(Perg), 4-valinepergidin (VPerg), and lophyrotomin (LGIn). 
doi:1 0.1 371 /journal.pone.01 05301 .g004 



individual taxa, the identification of sawfly larvae, including those 
in Pergidae and Argidae, still is generally hampered by the lack of 
suitable identification keys. 

The combination of the unusual chemical properties and high 
toxicity of the peptides has provoked reservations against using 
certain pergid species as biological control agents {e.g., [21,22]). In 
contrast, the argid C. janthina has been introduced on Reunion 
Island to control the invasive Rubus alceifolius (Rosaceae) [38] . We 
have not seen reports of this argid affecting the local (vertebrate) 
fauna, although in our analyses larvae of C. janthina (collected from 
Reunion Island) contain high amounts of Perg and LGIn (Fig. 2). 

Considering the functioning of (natural) ecosystems, the 
poisoning of livestock following the ingestion of toxin-containing 
sawfly larvae is merely an epiphenomenon. On the scale of the 
larvae, the value of the toxic peptides probably lies in defense 
against natural enemies such as predators. The peptides were not 
detected in species of the pergid subfamily Perginae, but these 
larvae exhibit another defensive mechanism. Once disturbed, they 
discharge a viscous oral fluid [39,40], perhaps as an alternative 
defensive strategy. In laboratory bioassays, extracts from several 
isolated body parts of A. pagana and A. pullata proved to be 
effective as feeding deterrents against ants, and the extracts also 
rapidly paralyzed feeding ants; both of these bioactivities are 
ascribed to the action of peptides [32]. The taming of aggressive 
behavior by ants has been documented also for oligopeptides 
recently isolated from frogs [6]. It is likely that predators are 
strongly deterred from ingesting sawfly larvae that contain toxins. 



In turn, this fact should keep the peptides from being disseminated 
widely in the food webs of natural environments. 

Conclusions 

The peptides that caused the death of livestock in various 
regions of the world have been detected in the larvae of nearly all 
analyzed species of Argidae and Pergidae; this supports our initial 
hypothesis that the toxins occur commonly in these sawfly taxa. 
Concerning previous reports on such peptides in the literature, we 
analyzed three of the four corresponding species and found strong 
deviations from the published species-specific chemical profiles. 
Intraspecific variation, but also the methods used for chemical 
extractions and analyses, are possible explanations for these 
differing results. 

Supporting Information 

Appendix SI Table mainly containing systematic, collection, 
and host-plant data on the sawfly larvae used in this study. 
(XLSX) 

Appendix S2 Figure showing TIC chromatograms and full MS 2 

mass spectra of the five synthesized peptides. 

(PDF) 

Appendix S3 Table containing peptide quantities and concen- 
trations of the five peptides in the insects analyzed by LC-MS. 
(XLSX) 



PLOS ONE | www.plosone.org 



6 



August 2014 | Volume 9 | Issue 8 | e105301 



Toxic Peptides in Sawfly Larvae 



Acknowledgments 

We warmly thank Ewald Altenhofer, Filip Dc Block, Herbert R. Jacobson, 
Anne-Marie McKinnon, Serge Quilici, Henri Savina, and Urs Schaffner 
for providing us with insect specimens, Matthews F. Purcell for the 
shipment of larvae, Gimme H. Walter for offering laboratory facilities at 
Queensland University, Joachim Ruther and Chris J. Moore for discussions 
about chemical extraction procedures, as well as Martin Spie(3 and two 
anonymous reviewers for helpful comments on the manuscript. 

References 

1. Brewer D, Hanson AW, Shaw IM, Taylor A, Jones GA (1979) A crystalline, 
toxie, peptide metabolite ol Tr/rlwdcrvia spp. isolated from soil. Exponent ia 35: 
294-295. 

2. Birk IM, Dierstein R, Kaiser I, Matern U, Konig WA, et al. (1989) Nontoxie and 
toxie oligopeptides with D-amino aeids and unusual residues in Microcystis 
aeruginosa PCC 7806. Arch Microbiol 151: 411-415. 

3. Santana ANC, Leite AB, Franca MSF, Franca L, Vale OC, et al. (1998) Partial 
sequence and toxic effects of granulitoxin, a neurotoxic peptide from the sea 
anemone Bundosoma granulifera. Braz J Med Biol Res 31: 1335-1338. 

4. Scwald N, Jakubke H-D, editors (2002) Peptides: Chemistry and Biology. 
Weinheim: Wilcy-VCH. 

5. Fusetani N, Kem W (2009) Marine toxins: an overview. In: Fusetani N, Kem W, 
editors. Marine Toxins as Research Tools, Progress in Molecular and 
Subcellular Biology, Marine Molecular Biotechnology 46. Progress in Molecular 
and Subcellular Biology. Berlin, Heidelberg: Springer Berlin Heidelberg, Vol. 
46. 1-44. 

6. Rodcl M-O, Brede G, Hirschfeld M, Schmitt T, Favreau P, et al. (2013) 
Chemical camouflage - a frog's strategy to co-exist with aggressive ants. PLoS 
One 8: c81950. 

7. Sela M, Zisman E (1997) Different roles of" D-amino acids in immune 
phenomena. FASEBJ 11: 449-456. 

8. Pollegioni L, Piubelli L, Sacchi S, Pilone MS, Molla G (2007) Physiological 
functions of D-amino acid oxidases: from yeast to humans. Cell Mol Life Sci 64: 
1373-1394. 

9. Kojiri K, Morishima H, Yamamoto T, Aoyagi T, Takeuchi T, et al. (1989) 
Structure determination of alphostatin, a novel alkaline phosphatase inhibitor. 
J Antibiot (Tokyo) 42: 489-490. 

10. Dadswell LP, Abbott WD, McKenzie RA (1985) The occurrence, cost and 
control of sawfly larval (Lophyrotoma interrupta) poisoning of catde in 
Queensland 1972-81. Aust Vet J 62: 94-97. 

11. McKenzie RA, Rogers RJ, Oelrichs PB (1985) Sawfly larval poisoning of cattle 
in Queensland. In: Seawright AA, Hegarty MP, James LF, Keeler RF, editors. 
Plant toxicology: proceedings of the Australia - U.S.A. Poisonous Plants 
Symposium, Brisbane, Australia, May 14-18, 1984, Queensland Poisonous 
Plant Committee. 524-532. 

12. Dutra F, Riet-Correa F, Mendez MC, Paiva N (1997) Poisoning of cattle and 
sheep in Uruguay by sawfly {Perreyia flavipes) larvae. Vet Hum Toxicol 39: 
281-286. 

13. Roberts FHS (1932) The cattle-poisoning sawfly (Pterygophorus analis Costa). 
Queensl Agric J 37: 41-52. 

14. Callow LL (1955) Sawfly poisoning in cattle. Queensl Agric J 81: 155-161. 

15. Thamsborg SM, Jorgcnsen RJ, Brummerstedt E (1987) Sawfly poisoning in 
sheep and goats. Vet Rec 121: 253-255. 

16. Soares MP, Quevedo PS, Schild L (2008) Intoxicacao por larvas dc Perreyia 
flavipes em bovinos na rcgiao sul do Rio Grande do Sul. Pesqui Veterinaria Bras 
28: 169-173. 

17. Tcsselc B, Brum JS, Schild AL, Soarcs MP, Barros CSL (2012) Sawfly larval 
poisoning in cattle: Report on new outbreaks and brief review of the literature. 
Pesqui Veterinaria Bras 32: 1095-1 102. 

18. Laroche FB (1999) Melaleuca Magement Plan. Ten years of successful 
Melaleuca management in Florida 1988-98. Third Edition. Florida Exotic Pest 
Plant Council. 

19. Van Driesche R, Lyon S, Blossey B, Hoddle M, Reardon R (2002) Biological 
Control of Invasive Plants in the Eastern United States. Morgantown, West 
Virginia: Forest Health Technology Enterprise Team. 

20. Purcell MF, Goolsby JA (2005) Herbivorous insects associated with the 
paperbark Melaleuca quinquenervia and its allies: VI. Pergidae (Hymenoptera). 
Aust Entomol 32: 37-48. 



Author Contributions 

Conceived and designed the experiments: JLB RR. Performed the 
experiments: JLB RR. Analyzed the data: JLB RR. Contributed 
rcagents/matcrials/analysis tools: RR. Contributed to the writing of the 
manuscript: JLB. Collected and identified the insects: AS JLB SS. 
Conceived the study: JLB. 



21. Center TD, Purcell MF, Pratt PD, Rayamajhi MB, Tipping PW, et al. (2011) 
Biological control of Melaleuca quinquenervia: an Everglades invader. 
BioControl 57: 151-165. 

22. Cuda JP, Habeck DH, Hight SD, Medal JC, Pedrosa-Macedo JH (2004) 
Brazilian Peppertree. In: Combs EM, Clark JK, Piper GL, Cofrancesco jr AF, 
editors. Biological Control of Invasive Plants in the United States. Corvallis, 
Oregon: Oregon State University Press. 439-431. 

23. Leonard GJ (1972) The isolation of a toxic factor from sawfly (Lophyrotoma 
interrupta Klug) larvae. Toxicon 10: 597-603. 

24. Oelrichs PB, Vallely PJ, MacLeod JK, Cable J, Kiely DE, et al. (1977) 
Lophyrotomin, a new toxic octapeptide from the larvae of sawfly, Lophyrotoma 
interrupta. Lloydia 40: 209-214. 

25. Williams DH, Santikarn S, De Angelis F, Smith RJ, Reid DG, et al. (1983) The 
structure of a toxic octapeptide from the larvae of sawfly. J Chem Soc Perkin 
Trans 1: 1869-1878. 

26. MacLeod JK, Braybrook C, Simmonds PM, Oelrichs PB (2000) A unique toxic 
peptide from the larvae of the South American sawfly, Perreyia flavipes. 
Aust J Chem 53: 293-297. 

27. Oelrichs PB, MacLeod JK, Seawright AA, Grace PB (2001) Isolation and 
identification of the toxic peptides from Lophyrotoma zonalis (Pergidae) sawfly 
larvae. Toxicon 39: 1933—1936. 

28. Oelrichs PB, MacLeod JK, Williams DH (1983) Lophyrotomin a new 
hepatotoxic octapeptide from sawfly larvae Lophyrotoma interrupta. Toxicon 
Suppl.3: 321-323. 

29. Oelrichs PB, MacLeod JK, Seawright AA, Moore MR, Ng JC, et al. (1999) 
Unique toxic peptides isolated from sawfly larvae in three continents. Toxicon 
37: 537-544. 

30. Soares MP, Riet-Correa F, Smith DR, Pereira Soares M, Mendez MC, et al. 
(2001) Experimental intoxication by larvae of Perreyia flavipes Konow, 1899 
(Hymenoptera: Pergidae) in pigs and some aspects on its biology. Toxicon 39: 
669-678. 

31. Kannan R, Oelrichs PB, Thamsborg SM, Williams DH (1988) Identification of 
the octapeptide lophyrotomin in the European birch sawfly (Arge pullata). 
Toxicon 26: 224-226. 

32. Petre C-A, Detrain C, Boevc J-L (2007) Anti-predator defence mechanisms in 
sawfly larvae of Arge (Hymenoptera, Argidae). J Insect Physiol 53: 668-675. 

33. Bocve J-L, Blank SM, Meijer G, Nyman T (2013) Invertebrate and avian 
predators as drivers of chemical defensive strategies in tenthredinid sawflics. 
BMC Evol Biol 13: 198. doi: 10. 1 186/ 147 1-2 148-1 3-198. 

34. Schulmeister S (2003) Simultaneous analysis of basal Hymenoptera (Insecta): 
introducing robust-choice sensitivity analysis. Biol J Linn Soc 79: 245-275. 

35. Malm T, Nyman T (2014) Phylogcny of the symphytan grade of Hymenoptera: 
new pieces into the old jigsaw (fly) puzzle. Cladistics: 1—17. doi: 10. 1111/ 
cla. 12069. 

36. Schmidt S, Walter GH (2014) Young clades in an old family: major evolutionary 
transitions and diversification of the cucalypt-f ceding pergid sawflics in Australia 
(Insecta, Hymenoptera, Pergidae). Mol Phylogenet Evol 74: 111-121. 

37. Burrows DW, Balciunas JK (1997) Biology, distribution and host-range of the 
sawfly, Lophyrotoma zonalis (Hym., Pergidae), a potential biological control 
agent for the paperbark tree, Melaleuca quinquenervia. Entomophaga 42: 299- 
313. 

38. Lc Bourgeois T, Delia Mussia S (2009) Un insecte efheace contre la vignc 
marronnc a La Reunion. Insectcs 153: 17—19. 

39. Morrow PA, Bellas TE, Eisner T (1976) Eucalyptus oils in the defensive oral 
discharge of Australian sawfly larvae (Hymenoptera: Pergidae). Occologia 24: 
193-206. 

40. Schmidt S, McKinnon AE, Moore GJ, Walter GH (2010) Chemical 
detoxification vs mechanical removal of host plant toxins in Eucalyptus feeding 
sawfly larvae (Hymenoptera: Pergidae). J Insect Physiol 56: 1770-1776. 



PLOS ONE | www.plosone.org 



7 



August 2014 | Volume 9 | Issue 8 | e105301 



